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PRODUCTION OP HYDROGEN 

Technical Field 

The present invention is concerned with the 
production of hydrogen and, more particularly, with the 
5 enhancement of hydrogen production in photo synthetic 
microorganisms with natural hydrogen production 
capability. In particular the focug is on photo$ynthetio 
microorganisms, including cyanobacteria and algae that are 
able to produce hydrogen from water. The invention also 

10 relates to the manipulation of the physiology of such 
organisms in order to enhance hydrogen production* 
Background Art 

The development of a clean, sustainable and 
economically viable energy supply for the future is one of 

15 the most urgent challenges of our generation. Oil 

production is expected to peak in around 5 to 30 years 
time and economically viable oil reserves will be largely 
depleted by 2050 * As a result, there is a need to develop 
a clean, sustainable and economically viable supply for 

20 the future* A* such, there is now a concerted 

international effort to switch from a fossil fuel economy 
to a hydrogen economy* However, a viable hydrogen economy 
requires clean, sustainable and economic way* of 
generating hydrogen. Current hydrogen production depends 

25 almost entirely on the use of non-renewable resources 

(i.e. steam, reformation of natural gas, coal gasification 
and nuclear power driven electrolysis of water) . Although 
these approaches are initially likely to drive a 
transition towards a hydrogen economy* the hydrogen 

30 produced is more expensive per unit; energy than the non- 
renewable energy source from which it is derived. In 
addition, the use of fossil fuels and nuclear power is 
unsustainable- Therefore, there in a clear need to 
establish economically viable means of hydrogen 

3 5 production. 

A particularly desirable source is the production 
of hydrogen using photosynthetic organisms, since the 
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ultimate energy souroe 1b solar energy* Higher plants, 
green algae and cyanobaeteria are all highly evolved in 
their ability to capture solar energy, with photon 
conversion efficiencies as much as 80*. Solar energy is 
5 captured and stored In the form of starch and other 

moleemlaa including proteins r which are subsequently used 
as a fuel to drive ATO production via the processes of 
oxidative phosphorylation in the mitochondria (Fig«l) This 
H+ and electron store, shown hexre as fit arch can be 
10 channelled to generate Ha in a highly efficient manner 
using algal bioreactors. 

In the first step of photosynthesis, PSZX drives 
the most highly oxidizing reaction known to occur in 
biology , splitting UaO into Q 2 , H* and e" (Fig.l). Oj is 
15 released into the atmosphere and is responsible for 
Maintaining aerobic life on Earth* The derived e" are 
passed along the photosynthetic e" transport chain (rig. 2) 
from FSXZ via pla^toquinone (VQ) to cytochrome b € f (cyt 
brf> and Photosyatem I (3?SX) and are ultimately used in the 
20 production of H&BPH. In a parallel process 

(phot ©phosphorylation) r K* are released into the thylakoid 
lumen (Pig.l) where they generate a H* gradient that is 
used to drive ATP production via ATP synthase* nmdph and 
ATP are subsequently used to produce starch and other 
2 5 biomolecules * 

ATP and NMJPfl/NADH are fundamental requirements 
of all living cells- The inhibition of PSii (eg* 
incubation in the dark:) blocks the supply of H** and e" that 
are used to generate AT J? and NADPH via 
30 photophosphorylation in the chloroplast. s'or a tiw; the 

shortage of ATP and KADPH caused by the inhibition of PSXI 
can be compensated for via aerobic respiration m e d i ated by 
the mitochondzrial a" transport chain. (yig~X) » which 
metabolises starch, proteins and lipids. As its name 
35 suggests $ oxidative phosphorylation requires O*. The Oa is 
combined with H + and e~ by mitochondrial Complex XV to 
generate H a O, which essentially acts as an o" sink (yig.i) - 
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Under anaerobic conditions (Fig* 2) Complex xv is 
in hibited, blocking e" transport: through th£ remainder of 
the e" transport; chain consisting o£ Complexes I, II # in 
and Cytochrome C (Cart: C>. Under strictly anaerobic 
5 conditions moat photoesynthetio organisms die* Howevar, a 
select nuuber of photosynthetic organiems $mch aft the 
green alg-a C- rexjihandtii have a third mcchzmism, which 
allows them to switch into a mode of ATP and NADPH 
production (Fig, 2) • Under illuminated anaerobic 
10 conditions*, they generate aw in the chloroplast while 

simultaneously producing H 2 (Pig -2 -CHI* HydA) a* a volatile 
e" sink, instead Of H 2 0 (Fig* 2 -HIT Complex IV) • "This 
process involves the Hydrogcnaae HydA located in the 
chloroplast stroma (Florin et al, 2001 and Happe and 
15 Kaminski, 20 02.). HydA transcription and activity is 
strongly inhibited by O a (Chirardi et al, 1997). This 
inhibition may have evolved to ensure that, when possible, 
ATP is produced using the more efficient pathway of 
mitochondrial oxidative phosphorylation* 
20 The earliest reports of algal H 2 production date 

back to the 1930s (Stephenson and Stickland, 1931) . It was 
discovered that certain green algae and cyanobacteria 
could produce Hz gntf upon illumination, by a reaction that 
wee extremely sensitive to inhibition by O^. Despite the 
25 obvious attraction of using photosynthetic organism^ for 
sustainable Ha production from H a O it was not until 2000, 
that Helis and co-workers first reported a method to 
overcome this inhibition** (Hells, 2000 and us patent 
Application No. 2001/005343 Kelis) describes a process in 
30 which the inhibition was lifted by temporally separating 
the 0? generating H 2 0 splitting reaction, catalysed by 
P$xx, from O a sensitive B 2 production catalysed by the 
chloroplast Hydrosrenase (HydA) . This separation was 
achieved by oulturing c. reinhardfrii in the presence and 
35 absence of Sulphur. Sulphur is required for the de novo 
synthesis of the PI protein of the PSII reaction centre. 
The Dl protein has an approximate half life of 30min, 
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being damaged under non-optimal conditions? through the 
highly oxidizing reaction, that it drives. In the preface 
of sulphur, high levels of active PSXI axe maintained and 
H a O is split into , e" and 0 3 * she K* and e" are 
5 subsequently recombined by HydA to generate H 3 under 

Sulphur depleted conditions, which lift the inhibition of 
the Bydrogenaeo induced by O a - "This for the first time, 
facilitated long-term U 2 production using wild type <wt.) 
c. relnhareli. 

10 The Hells process is, however* subject to 

considerable practical difficulties. The actual rate of 
hydrogen gas accumulation is at best 15 to 20% of the 
photosynthetic capacity of the cells {Helis and Happe 
2001) and suffers the inherent limitation that hydrogen 
15 production by B deprivation of the algae cannot be 

continued indefinitely. The yield begins to level off 
after about 70 hours of 8 deprivation, and after about 100 
hours o£ 8 deprivation the algae need to go back to normal 
photosynthesis to be rejuvenated by replenishing 
20 endogenous substrates. Consequently there remains a need 
to identify a sustainable process of photosynthetic 
hydrogen product ion » 
Summary of the Invention 

The present invention is based upon the 
25 surprising observation that disruption of the regulation 
of the oxidative phosphorylation pathway in the 
mitochondria affects the ohloxoplast in a fashion which 
increases ATPase levels in the chloroplast and reduces 
oxygen production by PSXX hut permits electron transfer to 
30 ESI, and therefore allows operation of a hydrogenase 

(HydA) that accepts electrons from PSI, with a reduction 
in the inherent oxygen inhibition. 

Accordingly, a f ix-sst aspect of the present 
invention provides a process for the production of 
35 hydrogen, comprising; the steps of; 

(1) providing a photosynthetic organism having 
electron transfer capability through a photosynthetic 
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«light" reaction involving photosystems X and XI (PSX and 
XX) and an oxidative phosphorylation pathway, said 
organism being* capable of expressing a bydrogenase in the 
chloroplast in order to produce hydrogen when illuminated 
in the absence of oxygen, characterised in that electron 
transfer along- the oxidative phosphorylation pathway As 
diverted, at least in part, to the photosynthetic electron 
transport chain in the chloroplast downgtreum of PSXXj 

(2) growing a culture of the microorganism 
under illuminated condition* on a wa^ni™ suitable for 
expression of the bydrogenase; 

(3) sealing the culture from atmospheric 
oxygen; and 

(4) collecting the evolved hydrogen- 

& number of organisms are physiologically suited 
to use in this process * In particular, photosynthetic 
microorganisms capable of using water as an indirect 
substrate for hydrogen production and which include a 
hydrogenase are used, and these include cyanobacteria and 
algae ♦ Preferably the organisms axe selected from 
C&iamy&amozi&jB relnhardtii, Scenedasmus obliquus, 
Chlorococcum littoral e and Chlorella fusca- The alga 
Ch i twydamonas reinbardtjEi Is particularly preferred as 
processes for the genetic manipulation of the organism are 
well developed and its genome has been sequenced. &. high 
hydrogen producing mutant (straff) is used in a particularly 
preferred embodiment of the present invention* StmS has a 
reduced level of the mitochondrial ansyme cytochrome C 
oxidase, and it is therefore preferred that the 
photosynthetic organism have reduced Cytochrome oxidase 
activity, While not wishing to be bound by theory, it is 
believed that the lack of Cytochrome C oxidase disrupts 
the oxidative phosphorylation pathway, diverting at least 
some electrons to the photosynthetic electron transport 
chain in the cbloroplast via plastotzuinone* As a result 
that plastoquinona remains in a relatively reduced state 
(PQH2) even without electrons supplied by PSXX as the 
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oxidised PQ rather- than the reduced PQH2 accepts electrons 
from PSXX the rate of electron transport through PS XX is 
reduced resulting in reduced 02 production rates* The 
lower oxygen production appears to result in less 
5 inhibition of the hydrogenase, bydA, in C- jreinhardtil * 
Any suitable means of disrupting oxidative 
phosphorylation may be employed . in a preferred 
embodiment of the invention relative expression of 
Cytochrome C oxidase is reduced. Xn particular, the 
10 transcription of Cox X may be reduced through a reduction 
in the expression of the regulatory gene. Moo X. Stm$ is 
a moo x knock- out and has been shown to produce hydrogen 
at the rate 15 to IS times that of the wild type under the 
conditions tested* 
15 The rate of hydrogen production may be further 

increased by uncoupling PSXX from FSI* uncoupling of the 
photosystems may be achieved by any suitable means, such 
as through the addition of a chemical uncoupler such as 
CCCP. 

20 According to a second aspect of the present 

invention there is provided an isolated cell capable of 
photosynthesis which also has hydrogen production 
capability through expression of a hydrogenaee, said cell 
having electron transfer capability through a 

25 photosynthetic ^light" reaction involving PSX and PSXX and 
an oxidative, phosphorylation pathway, characterised in 
that electron transfer along the oxidative phosphorylation 
pathway is diverted, at least in part, to the PSXX/PSX 
transition. 

30 Xn the organism of the invention, plasto<juinone 

is substantially in a reduced state. 

Typically the diversion of electrons from the 
oxidative phosphorylation pathway is due to a reduction in 
Cytochrome C oxidase activity, as described above, hence 

35 the cell has reduced Cytochrome C oxidase in the 

mitochondria, and also reduced ATP synthase concentration, 
lower cellular ATP and lower cellular oxygen 

H»\»w»3oaI*\*ra\Sip*CX*»4»9l.3.<icie 7/57/03 
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concentration^ . Advantageous ly the cell is a Moc X 
knockout. 

flhe cell may be a photosynfchetic cell from a 
higher organism/ but is preferably an nig a, most 
5 preferably Chlctmydomonas reinhaxrttii, and typically a Moo 
I knockout. A. mutant strain of Ch 7 nirwdcmanas relnhardtlx 
referred to herein as such as stm6 -was deposited with the 
Culture Collection of Algae and Protozoa (CCap) on 1 July 
2003 under CCAP accession number 11/129. 
10 Methods for cultivation of suitable 

microorganisms and methods for collection of evolved 
hydrogen are known to the person skilled in the art and 
are described, for example , in TO Patent Application Ho. 
2001/005343 and by Hells (Hells, 2000) r the contents of 
15 which are incorporated herein by reference. 

Brief Description of the Drawings 

Figure 1 is a diagrammatic representation, of 
photosynthesis, carbohydrate metabolism ,and oxidative 
20 phosphorylation ad it operates under aerobics conditions; 

Figure 2 shows photo synthetic hydrogen production 
in C. reinhardtli under anaerobic conditions; 

Figure 3 is a graph showing % production 
properties of wild type (wt) and mutant (M) C- 
25 relnhardtlx* A) Under anaerobic conditions the mutant 

produced approximately 6x more B 2 than the wt, over a range 
of light intensities* B) under anaerobic conditions and 
in the presence of the uncoupler CCCP, the mutant produced 
approximately lSxvmore H a than the wt, over a range of 
30 light intensities* Thiq uncoupler facilitates the freeH* 
flow across the thylakoid membrane * The H* that migrate to 
the stroma through the action of CCCP appear to act as 
substrate to XtydA; 

Figure 4 shows electron micrographs of stained 
35 sections of Wt and high H 3 producing mutant C- 

xrhelnhardtil- C-chloroplast, G- Golgi, M-Mitochondria, 
Nucleus, S- Starch- Mote that & 1) the grana of the mutant 
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are jmiah less stacked than those of the wt» This has 
amplications for the light capturing properties of the 
mutant. The mutant has large carbohydrate stores in the 
font), of starch* The H + and e~ derived from water are stored 
5 in starch, before being converted to H a by HydA. as 
described in Pig, 2. 

Figure 5 provider an analysis of light-induced 
short -term adaptation mechanisms in the chloroplasts 

a} JState transitions analysed by 77k fluorescence 
10 spectroscopy in RHP, si 3 and stm^ 

b) Fluorescence video image of WX, BIS and mtm.6 on 
TAP-agar plates in state 2 and state 1 (illumination 
with actinic light at 6£0nm ± 15min illumination with 
710nm PSI light) 
15 c) In vivo phosphorylation protein pattern of 

thylakoid membranes isolated from s t at e2 -adapted WT 
and Btm6 cell 

Figure 6 shows that stmG is sensitive to light 

stress z 

20 a) Wt r 213 and stm6 strains, cultivated to their mid 

logarithmic growth phase in TAP medium, exposed to 
lOOOpmol m~ 2 a" 1 White light for 4 hours, subsequently 
inoculated on TAP agar plates and grown for 7 days in 
40ymol rn'^fi" 1 white lights 

25 b) High ligbt cell rates surviving high light 

treatment over a period of 4 hours in (TCP, Si 3 and 
atm6 strains. Cells were diluted to 1x10* cells /ml 
prior to light treatment; 

Figure 7 illustrates the genomic PN& site in stand 

3 0 affected by the tandem nuclear insertion of two pAxg7,8 
plasaidss 

by sequence analysis after chromosome walking 
U&S-BCR) and= 

by PCR analysis with specific mod, tool and 
35 pArg7.B primers. 

The 2 bla.ck arrow sets mark the primer pairs used for 
PCR 
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The 2 grey arrows mark the integration sites of the 
nuclear insertion in wt 

Figure B givas the protein flequeoco of M0C1 and 
alignment with the human transcription termination 
5 factor mTERF* The model and the boxes mark the locations 
of the mitochondrial transit sequences and the identified 
mTERF domain structures in MOC1. 

Figure 9 is a western analytic and ATP level 
moaeurements in WT/ £rtmff and B13z 
10 a) inmranohlot of light grown cell© using antibodies 

specific for cytochrome oxidase suhunit COX90 
to) i m ntunohlot: using ant X -peptide antibodies to 
demonstrate localisation of KOC1 to the mitochondrion 
and not the chloroplast* (anti-D2 and anti-Cyt c 
15 blots were performed as controls for chloroplasts and 

mitochondria, respectively) and to demonstrate up- 
regulation of AOX1 in &tm6. Relative intensities of 
oroce -reactions, as determined by densitometry, are 
indicated. 

20 c) ATP levels in oells of WT, 0tm6 and Bl3 grown in 

the light and dark. 

Figure 10 shows evidence for the role of WOC1 in 
light -induced mitochondrial transcription regulations 

a) Semi-guantitative RT-PCR of nad2 and ccacl in 
25 dark-grown cultures and after exposure to light 

(3hours 200pmol m^a" 1 } f raRNA levels were normalised to 
that of actin* 

b) mod -Northern Blots of isolated total RNA from 
dark- and light-grown PERT 

30 c) anti-MOCl and enti -cytochrome c imamnohlots of 

mitochondria isolated from WT cells exposed to high 
light (SOOpmol nf* s~*) for o and ISOmin. The &tm6 blot 
was performed as a control. 

d) Cytochrome o oxidase activity measurements in 
35 isolated mitochondria from WT and &tm6 (3hours 

200pmol m" 2 S^) 

Figure 11 is an illustration of a model 
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describing the role of MOCl in the regulation of 
mitochondrial respiratory electron transport upon high 
light stress and its influence on light -induced redox 
control processes in the ohloroplaet , Grey hexes 
5 represent organelles. 

Detailed Description of the Invention 

Preferred embodiments of the present Invention 
will new be described. Xn seeking to identify cellular 

10 components important for the redox- control led regulation 
of photosynthesis the approach was to screen for mutants 
that are perturbed in state transitions* This is a redox- 
controlled mechanism that balances the excitation of the 
two pbotosynthetic reaction centres involved in linear 

IS electron flow, photosystems I and IX (Bona-rontura and 

Myers, 196Sj? fcurata, 1969). When the plastoojiinone pool, 
which is a component of the photosynthetic electron 
transport chain linking PSIX and PSI, becomes more 
reduced, mobile light-hasrresting antennae detach from 

20 PSXX, following redos-aetivated phosphorylation, and dock 
with psx time increasing the excitation of ?3X and driving 
the PQ pool more oxidised (into so-called state 2) . The 
reverse process occurs when the FQ becomes more oxidised 
(to achieve state 1} (Allen efc al- M 1981/ Horton efc aj., 

25 1981), A rapid chlorophyll-f luoreecence based screen was 
employed to identify colonies of the model organism, the 
green alga Chlaxaydomonas reinJbardtii, that are blocked in 
state transitions (the inter conversion of state 1 and 
State 2) (Kruse et »2. r 1999/ Fleichmann efc al. r 1999). A 

30 gene that is important for state transitions was 

identified. Surprisingly the gene product was found to be 
a nuclear encoded protein targeted to the mitochondrion 
not the chloroplast and is involved in regulating 
mitochondrial gene expression. 

35 Example 1 ~ Isolation of Mutant Strains 
Strains and culture conditions 

The ChlomyaomonAS reinhardfcii strains Wtl3 and CC 
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1618 (*xg7 cwl5, mt~) woro obtained from the Chlaaydiomoxia.0 

Genetics Center Collection (Diifce University, USA) . All 

strains used were cultivated mixo trophic ally in TAP medium 

(Tris-acetate-phosphate, pH 7.0) by illumination with. 40 
5 jnnol m" a sec*" 1 white light at 20 *c (Harris 1989) in a 

twelve hours light-dark cycle to "a cell density of 2xl0 tf 

cells per ml. 

When required {for the arginine autotroph, strain 

CC1618) the medium wad supplemented with 110 pg arginine 
10 per ml* 

Mutant: cozuE7truatxon and genetic Analysis 

Nuclear transf ormation was performed as described 

following the methods of (Kindle et al., 1989 > and (Purtoa 

and Hochaix, 1995) . 
15 Flasmids PARG7.8, containing- a 7,8 kb genomic cwa 

fragment of the chl amydomonaB reinfcardtii 

argininosuccinate lyase gene (Dabuchy et al. 1989) and a 
0.4 Kb fragment of bacteriophage (jflC174 DBA (Gumpel ana 

Purton 1994), were used for transformation experiments* 
20 Prior to use pARG7.8 was linearised by digestion with 

Genetic crosses waro performed with Wtl3 and the 
mutant aa described by Harris (1989) - 

SNA sequences flanking the tag were cloned by 
25 ligation mediated suppression PCR (EMS-FCR) (Strauss et 

al., 2001) and by plasmid rescue (Tain and Lefebvre, 1993). 
isolation of state transition mutants 

to Identify genes involved in state transitions 
within Cm xeixthard til , we screened a library of mutants 
3 0 that can grow on TAP medium lacking arginine, generated 

after the random insertion of plasmid pArg7 .8 carrying the 
Arg7 gene into the nuclear genome of the arginine 
auxotrophic strain, CC1618 (sebuchy et al., 1989; Gumpel 
and Purton, 1994) • A plate-based fluorescence video- 
35 imaging screen, which involves the recording of 

chlorophyll fluorescence from individual colonies before 
and after illumination with light that induces state 
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transitions in Wfc was used to identify potential state 
transition mutants (^Cuv) (Kruse et al., 1999). Of the 2 x 
10 4 colonies screened, four possible mutants were 

identified, with, the Mutant 3tm6 being demonstrated to 
5 have included hydrogen production. 

FluormBcencG video imaging aod 77JFET fluoroffcenoe 

Screening of the mutants for state transitions 
10 defects was performed as described earlier (Kruse et al. r 
1999} by video imaging with a FluorCam 700 mf apparatus 
(Photon System Instruments) at room temperature and at 77K 
with a fluorescence /luminescence cpectrometer (Parkin 
Elinor LS50B) . Samples were measured following illumination 
15 with 40pmol m" 2 m' x white light (state 2) or illumination 
for 20rain with 710nm (Schott filter, Germany) PSX light 
(state 1) * Alternatively, cells were adjusted to state 2 
fay incubation in the dark for 30min under nitrogen 
atmosphere according to Bult€ efc aX. (1990) « 

20 

Example 2 Characterisation of stmG Mutant 

0tm€ ±3 blocked in state 1 and impaired in P8XX~ZJSCXX 

pho/&phoxyXat±on 

Chlorophyll fluorescence assays conducted by 
25 fluorescence emission spectroscopy at 77K (Figure 5) and 

chlorophyll video imaging with actinic 620nm light at room 
temperature (Figure 5) revealed that staff was blocked in 
state 1- in contrast to the WPP, light preferentially 
absorbed by PSXX was unable to drive the cells into state 
30 2, which is monitored by an increase in the fluorescence 

coming from PSX at 720xim (Figure 5) . A transition to state 
2 were also blocked when the PQ pool was driven reduced in 
the dark through onaerbiosis (data not shown) * 
Since state 2 is associated with the 
35 phosphorylation of threonine residues in the light 

harvesting (rac) antenna proteins of FSXI (Allen et al-# 
1981)/ anti-phosphothreonine antibodies were used to 
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assess the level of phosphorylation in inanunoblots ♦ stm€ 
showed a marked reduction in the phosphorylation levels of 
CP29 <P9) and LHC-Pll proteins upon illumination 
conditions that promote phosphorylation of these proteins 
5 in WT (Figure 5) „ Control innztunoblots confirmed that &tm6 
still contained vra? levels of LHC proteins (Figure 5) . 

To teat that the PQ pool could still he reduced 
in mtm6, chlorophyll fluorescence measurements were 
performed to determine the photochemical quenching 
10 parameter, which is a measure of the reduction state of 
the PQ pool (fcunde et al., 2000)* Under growth light 
conditions the PQ pool was in a more reduced state in stxntf 
compared with. WT (1-qj? of 0«77 in BtmG and 0.53 in m>) 
(Table 1). The levels of PSX and PSXX activity in sfcmff 
15 were also similar to that found in TO? (Table 1) • 
Btm6 is sensitive to higrh ligfee 

Besides effects on state transitions, a striking 
phenotype of the efcmS mutant was its sensitivity to light 
stress* After 4 hours illumination by 1000 uraol m" a s" 1 high 
20 light cells of the mutant showed a marked decline in 

viability whereas the wr and a complemented strain, £23, 
were nearly unaffected (Figure 6) • &tzn& showed a dramatic 
increase in singlet oxygen inside the cell upon 
illumination as assessed by the accumulation of lipid 
25 hydroperoxides (Table 1) - 

Disruption of a single mfcertf-type gene in stm$ is 
jr&epozi2±bl& for the defect in state transitions and for 
light sensitivity 

To test whether the arj marker c&zrried by plasmid 
30 pArg7-8 was tightly linked to sfcia*, genetic crosses were 

performed between WtX3 and stm6 and the progeny scored for 
the ability to grow on arginine-free medium and to do 
states transitions as assessed by video imaging. In all BO 
progeny examined, clones able to grow on arginine-free TAP 
35 medium exhibited normal state transitions whereas clones 
showing arginine auxotrophy also showed impaired state 
transitions (data not shown) . These data suggested that 
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BtMx0 was an ajrg- tagged mutant. 

A combination of plajsmid rescue and ligat ion- 
mediated suppression (laiS)-PCR (Strauss et *1., 2002) led 
to the identif ication of the site of insertion of the arg> 
5 marker in sfcmtf. store detailed analyses revealed that two 
p**g7.e plasmids had Inserted in tandem into stm6 (Figure 
7). 

Subsequent sequence analysis end homology 
searches revealed that two genes were affected fay the 

10 random integration of the pArg7~8 plasmid. One gene was 
previously described as a nuclear transposes (tool) (Day 
efc al. r 1988), the second gene was unknown and its 
sequence submitted to CfenBanfr database as mod (Genfeanfc 
AccNo. AF531421) . tfhe correct localisation of the affected 

IS genomic insertion site in stm€ una was finally confirmed 
by sequencing and PCR analysis (Figure 7 ) - 

The random insertion by non— homologous 
recombination caused the deletion of approx. 2kb of 
genomic DMA including €10bps at the 3' region of the mod 

20 gene and 880bps at to the 5' of the tool gene (Figure 7)* 
BCR analysis din **fcmff and vfz with a 5 '-specific 
mod-primer and & second primer derived from the nuclear 
insertion sequence resulted in the amplification of a 1005 
hp PCJR product in &tm€„ tfhis confirmed that the insertion 

25 caused the deletion of only parts of mocl leaving the 5' 
region of the gene untouched* The identification of 
remaining 512bps of mocl on the 5' region of the nuclear 
insertion and of remaining 4782bps of tool on the 3' 
region of the nuclear insertion in atm$ clearly 

30 demonstrated that the mutation is entirely restricted to 
the 3'-mocl/5'-toci gene region and did not affect any 
other possible adjacent coding regions. 

Complementation experiments confirmed that the 
single copy of mod was responsible for the lack o£ state 

35 transitions in atme (see Figures 5, 6, B) • The 
complemented strain nl3 was isolated in a co- 
transformation approach using a mod-containing cosmid in 
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combination with a second vector containing the cryl gene 
conferring emetine resistance as a dominant selectable 
marker (Nelson at al., 1994) « The 37kb cosmid va$ isolated 
from a cosmid library (kind gift of Dr. Saul Purton, UCL, 

5 UK) « Sequence analysis of the insertion region revealed 
that nocl was the only gene inserted into the cosmid* 

Of approximately 5000 emitine-resistant colonies 
assessed, four were found to perform normal state 
transitions (assessed by fluorescence video imaging) and 
10 all four contained the mod gene-, 

The mod gene encodes a 35kDa protein containing 
somewhat surprisingly a putative mitochondrial transit 
sequence and two mitochondrial transcription termination 
factor domains (inter f ) with leucine zipper motifs 

15 characteristic of ram-binding proteins (Daga et 

1993) „ Overall there were striking similarities* to the 
35fcDa human mTERF protein (34* based on alignments 
covering the full length sequences) (Figure B) and their 
homologues in nxoxophila malanogaster (DftWF, Robert! at 

20 al», 2003) and tfea urchin (xntDBP, Loguericio ec al., 

1999) - Human mTERF binds downstream of turn genes and is 
thought to be involved in controlling the amount of tRNA 
and rRNA synthesised within the mitochondrion as well as 
the expression of other mitochondrial genes and 

25 consequently the functionality of the mitochondrial 

respiratory chain C Fernandas -Silva at al», 1997/ Selwood, 
2000 1 Bess et al., 1991) * Interestingly 9 homologues to 
M0C1 with tnterf domains have been identified in the genome 
of Arabidopsis t h alxtma, four of which are predicted to be 

30 targeted to the mitochondrion (Atlg61980, At2g44020, 
At4g02990, At2g03050) and one to the chloroplast 
(At5g59580) • Analysis of the recently released 
ehlanydom o naa nuclear genome data-base, plus dna 
hybridisation experiments w suggest that there is only one 

35 copy of mod in C+ rexnhaxxi 1 1 ± + 

MOC1 Is a mitochondrial protein and its absence affects 
the egression of cytochrome oxidase 

S : %Br«S&»K\XMp\S$ari\V49 5XS . IOC 7 /0T/ 09 
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Anti-peptide antibodies raised against MOCl were 
used to confirm that MOCl was indeed targeted to the 
mitochondrion ratter than the cihloropl^t (Figure 9) and 
that it was absent in tile atm6 mutant m Importantly 
5 to»ro$fiion of MOCl was up --regulated at both the UNA and 
protein level upon a darfc to light transition (Figure 10) * 
Experiments were performed to as^eia? whether the 
absence of MOCl had affected the expression of 
mitochondrial respiratory complexes* Immunol? lots revealed 
10 that accuaonilation of subuni t 90 of cytoohrome oxidase 

(Lown at al. r 2001) (COX90) was reduced in staaff (Figure 9) 
whereas levels of soluble cytochrome o were unaffected and 
levels of the alternative oxidase 1 (AOX1) erven increased 
by the mutation (Figure 9). Xn the complemented strain, 
15 B13, subunit 90 of cytochrome oxidase were restored to 
almost WT levels* The imnninoblot data agreed well with 
activity measurements for cytochrome oxidase in 
mitochondria isolated from dork- grown WP and gttviB cells 
(Figure 10) . upon light treatment, there was an increase 
20 in activity in MP but not straff. Levels of ATP in light- 
grown BtmS cells were at about 50% of the levels of the WT 
and B13 (Figure 10), consistent with a role for cytochrome 
oxidase in the generation of ATP from photosynthetieally 
derived reductant, in line with earlier suggestions 
25 (Kramer and Heldt, 1991) . 

MOCl xs involved in changing- the transcription of the 
mitochondrial genome upon exposure to light 

Given that MOCl encodes a transcription 
termination factor homologous to human mTERF, experiments 
30 were directed at detecting possible perturbations to the 
transcript profile of the mitochondrial genome, which for 
C» r&ixthasr&tll consists of a 15.8 kb linear genome (Gray 
and Boer, 1988) « A number of respiratory pmbunits are 
encoded by the genome including subunit 1 of cytochrome 
35 oxidase (coxl gene product), 5 subunits of complex X 

nad4-6 gene products), and apooytochrome b {cob 
gene product) . 

ns\T*+*a*nH\**&#\S$GOL\H»*l&.aoa 7/37/03 
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Semi-<auantitatlve RT-SCR analysis of the mAZ and 
cokI genes mealoa dramatic differences in transcript: 
level* between WP and stm£ following exposure of dark-* 
grown cells to light. Compared to the WT r straff 
5 consistently showed reduced levels of the coxl transcript 
and higher* levels of the transcript derived from the n&d2 
gene r located immediately downstream of coxl (Figure 10) . 

Together these results suggest an important role 
for M0C1 in controlling the level of cytochrome oxidase 
10 activity at the level of transcription of coxl. Since COK1 
xs the first subunit to be assembled into the cytochrome 
oxidase complex , the level of COX1 expression is likely to 
be an important determinant of the amount of enayme 
synthesised (ttijtmans efc *X.$ 1998)* 
15 A modal tor the role of MOC1 in the regulation of the 
mitochondrial respiratory chain during light stress 

A model for the role of MOC1 in mitochondrial 
function is presented in Figure 11 . The mitochondrial 
genome is transcribed bi-directionally to give two primary 
20 transcripts jr which are then processed into smaller 

transcripts (Gray and Boer, 1988) . Our results ishow that 
HOC! is important for maintaining a high level of coxl 
jftRNfe. with respect to the downstream nad2 transcript* A 
possible binding sate for M0C1, which is likely to be a 
25 transcription termination factor, would therefore be 

between coxl and nad!2. The diversity of binding sites for 
this class of transcription factors make it difficult at 
this stage to predict a possible binding site for M0C1 
(Robert! et al., 2003) • 
30 in our model the activity of MOCl would allow the 

mitochondrion to disconnect the transcription of coxX from 
the downstream nad genes so as to increase the relative 
c^pre^sion of COXl aecded for the synthesis of additional 
cytochrome oxidase complexes » This is particularly 
35 relevant given that rotenone-insensitive mitochondrial 
NADH dehydrogenases, unrelated to complex I, might be 
induced in the light (Svensson and »aswcussen r 2001) so 

»»\»ff*€S«^lI\K«flp\JSp«ci\r49*JH «OC 7/07/01 
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that there would bo a need for the synthesis of aore 
cytochrome oxidase- Given that there migrht be more than 
one binding site for MOCl per genome (Robert 1 of: 
2003) and there is potential for bidding to RNA a* well as 
DNA, the effects of MOCl aotivity on mitochondrial gene 
expression wight b« rather complex. 

Table 1 
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$ PSI activity 
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$ SSII activity 
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